Abstract. Natural fibers, as replacement of engineered fibers, have been one of the most researched topics over the past years. This is due to their inherent properties, such as biodegradability, renewability and their abundant availability when compared to synthetic fibers. Synthetic fibers derived from finite resources (fossil fuels) and are thus, affected mainly by volatility oil prices and their accumulation in the environment and/or landfill sites as main drawbacks their mechanical properties and thermal properties surpass that of natural fibers. A combination of these fibers/fillers, as reinforcement of various polymeric materials, offers new opportunities to produce multifunctional materials and structures for advanced applications. This article intends to cover recent developments from 2013-up to date on hybrid composites, based on natural fibers with other fillers. Hybrid composites preparation and characterization towards their applicability in advanced applications and the current challenges are also presented.
Introduction
Apart from energy, environmental protection is one of the top problems facing the current generation. Novel strategies are required now more than ever to either protect the environment or generate products, which are not harmful to the environment. Natural fibers have received a lot of attention as possible alternative replacement for synthetic fibers, as reinforcement of various resins for advanced applications due to their properties, such as: low density, high specific strength and they are renewable, sustainable, and eco-friendly [1] [2] [3] . Natural fibers have unique features, such as: low cost, abundant availability and their renewable resources absorb carbon dioxide, which mitigates environmental pollution. During processing, natural fibers do not generate any harmful gases and they are not abrasive to the processing equipment. The main concern of natural fibers is their inherited hydrophilic character and they are highly flammable which limits their success in polymer reinforcement. Their hydrophilic character results in high moisture absorption, poor matrix-fiber interfacial adhesion and poor fiber dispersion. A quite significant research has been done on the surface treatment of the natural fibers to overcome these limitations [1, 2, 4, 5] . It can be argued that a tremendous success has been made on the surface treatment of natural fibers to improve the overall properties of the resulting composite materials as discussed in these review studies [1, 2, 4, 5] . On the other hand, different flame-retardants have been added and/or used to treat natural fibers in order to improve their flame resistance as recently reviewed in [6] . Synthetic/artificial fibers deserve, however, special interest due to their superior properties as compared to natural fibers. It is recognized that various aspects such as growth condition, harvesting methods, and maturity often affect natural fibers properties. The limitations of synthetic fibers include their accumulation in the environment and/or landfill sites, high cost and they are derived from finite resources, viz. fossil fuels [1] . The processing of fossil fuels alone generates various gases (e.g. CO 2 , methane, nitrous oxide and many others), which contribute to the unwanted environmental pollution. Furthermore, during composite production, harmful gases are liberated, which cause dreadful diseases, e.g. cancer and again, they can be abrasive to the processing equipment. On the other hand, synthetic fibers have prolonged lifespan, which offers more advantage towards high-end applications [1] [2] [3] [4] [5] . These fibers have high strength and can be produced with special functionalities required for intended application. For example, carbon fibers render high electrical conductivity; high thermal conductivity and they have less or no moisture absorption, high strength and thermal stability. These properties offer as-prepared composite material an opportunity towards high-end applications, such as: large-scale energy storage, wind turbines and aerospace. The shortcomings of the synthetic fibers can be solved by adding fillers/fibers, which can be significantly cheaper, without compromising their valuable properties. Over the past years, there has been an ever-increasing interest to incorporate two or more filler into a common matrix, as shown in Figure 1 . There has been a steadily increase in the number of published works that are related to hybrid composites since 2013. Figure 1a represents the number of published outputs, based on hybrid composites (between 2013 to date), found in the Web of Science by entering/ searching the words 'hybrid composites' with 25 343 research outputs and 90% of these, being research articles. The growth resulted from one objective, i.e. to improve the properties of the resulting composite material in order to achieve desired properties and a better performance of such composite. The main aim was to overcome the limitation of single filler reinforced matrix with the other filler(s) that have similar or even better properties when compared to the initial fiber. This new concept is known as 'hybridization', in which two or more fillers can be incorporated into a common matrix to overcome the shortcomings of the other filler. However, this concept also applies to the blending of two or more polymers and reinforced with one filler or more fillers and again, by adding the same filler type that has two or more sizes or dimensions, i.e. auto-hybridization. Figure 1b presents the top ten countries that are relatively more active in hybrid composites, with China being the most active, followed by India and USA. Hybridization process cross over many research areas, such as: mechanics, chemistry, engineering, physics, science and technology, polymer science, electrochemistry, metallurgy and metallurgy engineering and energy fuels. Irrespective of the research area, the main objective was to come up with the combination of three or more materials that have better performance/properties when compared to each material for an intended application. However, in this article, we are focusing on two or more fillers reinforcing one polymer matrix or polymer blend. The aim of two or more fillers added into a polymer matrix and/or polymer blend is to ensure that they can learn from each other and match in coordination, so that they have an excellent performance and lower overall cost. The main objective of these research works was to come up with an optimal combination of fillers and/or blends hybridized composites towards intended application. The sequence and fiber orientation were found to play a major role on the resulting properties. Similar to the conventional single fiber reinforced composite materials, the interfacial adhesion between the matrix and fillers was found to play a paramount influence on the ensuing properties. Different chemical treatments were also investigated in order to improve the interfacial adhesion. Some of the prerequisites of the resulting hybridized composite include: low cost and a balance of the weight-to-performance ratio. Depending on the intended application, the term 'hybrid effect' was adopted to define the results obtained during the investigation. Basically, the hybridized composite is compared with the conventional composite product viz. single fiber reinforced composite and the results can either be negative or positive 'hybrid effect'. The positive hybrid effect can be defined as better performance obtained from hybridized composite material as compared to the single reinforced composite material, while the opposite prevails for negative hybrid effect. More attention has been on replacing certain percentage of classic fibers used for intended application with other fillers, which are lighter, easily accessible, and cheaper. The natural fibers features some of these properties such as low density, cheaper and availability hence more research works has been dedicated in utilizing them to replacing certain percent of classic synthetic fibers. This review highlights the recent works on hybrid composite materials from 2013 till to date.
Hybridization
A hybrid composite is generally, defined as a combination of two or more fillers into a common matrix [3] . The matrix can be ceramic, steel or polymer. In this review, only polymeric matrices will be discussed. In the case of polymeric materials, the definition of hybrid can further be extended to a blend of two or more polymers reinforced with one or more fillers. In the case of the same type of filler having different size/dimensions, a new word auto-hybrid is usually used. Hybridization offers a new opportunity to broaden the applicability of the composite materials, especially in advanced applications. There are three principal parameters, which have significant effect on the properties of the resulting hybrid composite product. First are the materials used (matrix and filler), which depend mostly on the intended application. For example, it was found that jute/glass hybrid displayed higher reinforcement under compressive load than bamboo/glass composites, while the opposite scenario was observed under tensile load [7] . It can be argued that each application requires certain properties in order to achieve the desired goal. For instance, Mansor et al. [8] used Analytical Hierarchy Process to choose the suitable natural fibers from 13 candidates in an attempt to combine (individually) with glass fiber in order to produce automotive brake lever. They found out that kenaf fibers produced the top score when compared to others. The second factor involves the preparation method, which often relies on the filler and the matrix under investigation, as will be discussed in subsequent sections. It is worth mentioning that in order to design a new product, there are certain specifications that have to be met, such as the conditions (viz. outdoors or indoors) in which that product will be used. This can be achieved by carrying out researches in comparison with commercially available product in the market and formulate according to their specifications. A balance between the sustainability and performance of the product to accommodate both the consumer and the environment has also to be considered. Other factors that have to be taken into account such as whether the product will be used in open environment or indoors/under, protection storage needs to be considered as explained earlier. The following aspects have to be taken into account in order to produce the final product, viz.: weight, mechanical strength, density, recyclability, disposability, water absorption, raw material cost, manufacturing costs, compatibility with current recycling system in place and test methods (depending on the intended application). The third most important parameter includes the interaction between the fillers and the matrix. Treatment of the fibers and/or the use of a coupling agent, especially for natural fibers in order to enhance the interfacial adhesion between these components, which in most instances, will result in the improvement of the overall properties of the hybrid product. The desired properties can be predicted by using the rule of mixture equation (Equation (1)), by assuming that there is no chemical/physical interaction between the fillers [9] : (1) where P H is the resulting properties of the hybrid composite, P c1 and P c2 are properties of the respective constituents, c1 and c2 of the composite, while V c1 and V c2 are their respective volume fractions, as shown in Equation (2): (2)
Filler selection
Fillers can be subdivided according to their origin, i.e. as either synthetic or natural fibers as illustrated in Figure 2 . The selection of the filler can be linked directly, to the desired properties.
Natural fibers
Over the past decades, there has been lot of progress in the use of natural-based fillers because of the volatility in petroleum oil and their resources. The utilization of natural-based fillers, however have some limitations (low thermal stability, highly flammable, high moisture absorption, variation in mechanical properties etc.) especially in advanced/technical applications. This led to more studies in combining the natural-based filler with other fillers to overcome these limitations. The common goal was to replace the synthetic fillers with renewable, inexpensive and biodegradable fillers. This review work covers mostly, the commonly used fillers to improve and/or overcome the limitations of natural fillers and as a result, broadens their technical applicability. The choice of a second filler into the natural filler-reinforced composites depends on the intended application in order to overcome the shortcoming of natural filler as listed in Table 1 . Natural fibers are extracted from different renewable resources, namely animals, vegetable plants and minerals. Vegetable fibers are mainly composed of cellulose, hemicelluloses, lignin, pectin and other extractives at low amounts as illustrated in Table 2 . The chemical composition relies on the fiber source and varies within different parts, even if they are from the same family or type. Their performance depends on their chemical composition, crystallinity, microfibrillar angle, defects and physical properties. The information based on these parameters is of significance in order to obtain their highest potential. It is recognized that natural fibers are susceptible to degradation (viz. biological, chemical, mechanical, thermal, photochemical and aqueous), depending on individual constituents. For instance, lignin is mainly responsible for UV and fire degradation, whereas, hemicelluloses are responsible for biological degradation, thermal degradation and high moisture absorption [10, 11] . Physical properties include: fiber dimensions, defects, strength and structure. Vegetable fibers are subdivided into: leaf, fruit, stem, grass and wood with regard to their sources, as presented in Figure 2 and Table 3 [4, 12, 13] . The inherited hydrophilic character has been one of the major drawbacks impeding their technical applications [4, 14, 15] . This results in poor interfacial interaction with hydrophobic polymeric materials limiting the stress transfer between the composite components. Chemical (viz. alkaline, silane, acetylation, benzoylation, acrylation and acrylonitrile grafting, maleated coupling, permanganate, peroxide and isocyanate treatments) and physical (viz. corona discharge and plasma treatments) modifications have been major topics in natural fiber reinforced composites in order to improve the interfacial adhesion and in turn the overall properties of the composite product. These studies reported an improvement in the resulting properties because of the strong interaction between the polymer matrix and the fibers. Furthermore, the treatment of the natural fibers can improve their biodegradation stability when exposed to different environments [10] . Other suitable effort Table 1 . Natural fibres advantages and their short-comes. that can be employed to overcome and/or improve the overall properties of the natural fiber reinforced composites, is to add second filler as will be discussed in subsequent sections. The animal fibers are made-up of proteins, while minerals fillers include basalt, asbestos and brucite, as shown in Figure 2 .
Synthetic fillers
Different engineered or man-made fillers have been introduced into research communities with regard to their unique valuable properties, as summarized in Table 3 and Figure 2 . Glass fibers and carbon fibers are the most used synthetic fillers in the hybridized composites. Most of these materials have experienced their success in different industrial sectors, such as: large-scale energy production, construction, entertainment and many others. Interestingly, the manufacturing processes can be designed in such a way that the fibers produced have the properties associated with the intended application. This property gives the synthetic filler an edge over the natural fillers which are affected by the nature of the growth conditions as well as their harvesting conditions. The cost-to-performance ratio has been the subject to the producers of these fillers in order to come up with cheaper manufacturing process. Nonetheless, high tensile strength (e.g. 1.9 to 3.5 GPa for glass fiber) and tensile modulus (e.g. ranging between 50 to 90 GPa for glass fibers) overshadow their disadvantages, which resulted in the success for commercial products.
Other fillers
Although most of the published research works revolves around the mechanical properties, other physical properties and flame retardancy, are of significant importance. Natural fibers are more flammable, which is accompanied by the liberation of toxic or corrosive gases and smoke during combustion and this impedes their success in various applications, such as household goods, building-construction and others. Flame-retardants and nanoparticles can be On the other hand, these fillers also contribute to the overall hybrid composites properties. In most cases, the introduction of flame retardant materials adversely affects the mechanical properties of the composite [17] . Therefore, researches have been dedicated on the optimization of these fillers in order to overcome the latter [17] . In this review, the inclusion of other fillers with flame retardant properties into natural polymer reinforced composites will be discussed, since they are of utmost importance in advanced applications, especially in the transportation and building/construction sectors.
Resin selection
Resin governs the shape, surface appearance, environmental tolerance, and overall durability of the hybrid composite product. Depending on the processing technique two resins i.e. thermoplastic and thermosets are often reinforced with different fillers [9] . Table 4 and 5 list the hybrid composites with the processing techniques utilized. Thermoplastics, often, are chosen over thermosets because of the moldability into various shapes. The former can be re-melted and reprocessed into a new shape, which is not the case for thermosets. In general, the processing techniques for thermoplastics involve heating to melt the polymer into viscous form in order to afford fiber impregnation. These techniques include melt mixer, single/twin screw extruder, and compression molding which can be used alone or in combination. Nevertheless, solution casting in which the polymer is dissolved in a suitable solution followed by fiber/s infusion has been also studied [23] .
The most extensively studied thermoplastic matrices, are: poly propylene (PP), polyethylene (PE), polystyrene (PS) and poly vinyl chloride (PVC). Thermosets are often used for more advanced composite applications, such as: aerospace, wind turbines blades and automotive due to their high tensile strength, high modulus and chemical stability. The common processing methods for thermosets-based composites include: resin transfer molding (RTM), sheet molding compound (SMC), pultrusion, vacuum-assisted resin transfer molding (VARTM) and hand lay-up which requires less pressure [24] . Thermosets have the advantage of incorporating large amounts of fibers when compared to thermoplastics. The most used matrices and their fillers are summarized in Tables 4 and 5 .
Thermoplastic
Thermoplastics have been a center of reinforced composites materials because of their inherited properties, such as: lightweight, inexpensive and readily moldable into various shapes. Significant researches have been dedicated to improving the interfacial adhesion between the matrix and natural fibers. Chemical, physical and biological treatments are often applied on the natural fibers to improve the interfacial adhesion, which in turn enhances the overall properties of the resulting composite materials [1, 25] . The chemical treatments can include alkali alone or in combination with other treatments, such as: acetylation, salinization and many others, as explained earlier. Furthermore, coupling agents or compatibilizers are also utilized to improve interfacial adhesion, which in turn improves the properties of the resulting composite products. Physical treatments include Soxhlet extraction and electric discharge (corona and cold plasma), while biological treatment was recently reported [25] . These types of treatments enhance the interfacial adhesion between the thermoplastics and plant fibers, which result in good stress transfer between the composite constituents. Melt compounding and melt pressing are the most used processing techniques with regard to the behavior of thermoplastic, i.e. they become viscous solution when heated and can be molded into various shapes [26] [27] [28] [29] . The melt compounding processing techniques include single/twin-screw extruder, extrusion, and internal melt mixer, which can be used alone or in combination. The main concern about these techniques is the heat involved, which may degrade the plant fibers, hence affecting their valuable properties. This had been one of the major parameter, which controls the selection of polymeric matrix, which must at least melt well below the thermal degradation of the plant fibers. Of interest, is the inclusion of high thermal stable synthetic fiber or flame retardant material as second filler can protect these fibers from thermal degradation during processing. Polyolefins are used in many different applications from packaging to high-end performance and they are the most studied polymers. The most often-studied polyolefins, include polyethylene and polypropylene. These plastics feature a range of properties with a combination of lightweight, high strength and ease processability. Some of polyolefins melt below 200°C, which makes them suitable candidates for the production of natural-fiber based hybridized composites [29] [30] [31] [32] [33] . As mentioned earlier, the hydrophobic polyolefin and inherently hydrophilic natural fibers result in weak interfacial adhesion. Therefore, resulting in weak stress transfer between these components and hence there has been a lot of interest in creating other means of their hybridization in order to enhance adhesion between these parties [34] . The welcomed paradigm shifts towards green composites have opened doors for reinforced naturalbased polymers, such as: polylactic acid (PLA), poly (butylene succinate-co-lactate) (PBSL), thermoplastic starch (TPS), polyhydroxyalkanoates (PHA) and many others [26] [27] [28] . However, the highly deficient interfacial adhesion has also been reported as one of the major challenges to overcome in order to enhance the overall properties of the composite materials. Different treatments, preferably chemical treatments, have been employed in order to improve interfacial adhesion between these components [26, 28, 35, 36] . Chen et al. [35] found out that the use of silane coupling agent resulted in chemical bonding, which improved the interfacial adhesion, which in turn improved the overall properties of the hybridized biocomposite material. Numerous studies have been reported on PLA-based hybrid composites. This is due to its comparable properties to synthetic polymers such PP and polystyrene [35, 37] . Chen et al. [35] and Birnin-Yauri et al. [38] reported the hybridized PLA composites processed by the compression technique. Melt pressing was conducted in some studies because this processing method offers an opportunity, not only to incorporate nonwoven random fibers, but also woven fiber fabric and unidirectional fibers [35, 38] (Table 4) . Twin-screw extruder followed by compression molding of biopolymers were also reported in [27] and [26] , while melt mixing was reported in [27, 35] . Yet another preparation method that affords good dispersion without degrading natural fibers is solution casting. In this case, the polymer is dissolved in a suitable solvent followed by inclusion of the filler. In most cases water is a preferable solvent since it is cheaper and environmentally benign. It is recognized that for industrial production this method would be expensive with regard to recovery of utilized solvent, while only a limited number polymers are soluble in most available solvent, which in turn, limit the choice of polymer. Using solution casting Edhirej et al. [23] , prepared green hybrid composite based on cassava starch (as matrix) and fructose (as a plasticizer) reinforced with cassava bagasse and sugar palm fiber (SPF) using water as a suitable solvent. Although, natural-based polymers are considered as promising candidates to replace fossil fuel resources-based polymeric materials, from ecological point of view, their degradation, moisture absorption and cost limit their success in the high-performance applications, such as: automotive, wind turbine and aerospace components. However, it can be argued that due to their short service-life, they can be considered for packaging. The main concern on the application of these biopolymers is their contamination of the available recycling processes/system. Amongst other polymeric materials, rubber materials were also utilized to produce hybrid composite materials via two roll mill followed by hydraulic pressing were used to produce hybridized composites [39, 40] .
Thermosets
Thermosets are known by their unique identity of forming three-dimensional crosslinked networks via curing. Examples of thermosets include: epoxy resins, phenolic resins, polyurethanes, acrylics, alkyds, furans, polyimides, vinyl esters and unsaturated polyester. In the case of the hybridized composites, polyester and epoxy are the most studied thermosets, as discussed below [41] . The main concern for thermosets is the long duration associated with processing. Furthermore, with low recyclability of thermosets-based composite, they require new strategies of designing sustainable recycling mechanisms. For example, they can be ground and used again as fillers. Over several years, the main objective has been the modification of the toughness of the thermosets and maximizing the processing temperatures. Moreover, the processing temperatures (ranging from 25 to above 100°C) are well below the degradation temperature of the plant fibers. Resin impregnation is carried out by hand layup, vacuum assisted transfer molding (VARTM), vacuum bag resin transfer molding (RTM) and vacuum-assisted resin infused repairing, vacuumassisted transfer molding, as summarized in Table 5 . Vacuum-assisted methods, are often implemented in order to produce thermosets-based composites for high-end applications, such as aerospace and automotive [42] [43] [44] [45] . The advantages of vacuum-assisted methods, include low preparation cost and relatively low volatile organic compounds (VOCs) emissions when compared to the conventional processing techniques (e.g. compression molding). Hand layup, followed by light compression during curing is one of the processing techniques that are usually employed for the preparation of thermosets hybrid composites; this is because they are cheaper and easily applied on a laboratory scale [46] . Compression molding alone, was also reported elsewhere in the literature [47] . Commercialized in the 50s, epoxy resin features high strength, stiffness and good creep, heat and solvent resistance. They can be identified by the presence epoxy group (oxirane rings) in their backbones.
Crosslinking networks result from a reaction with a hardener or a curing agent. Of interest, they have lower shrinkage than most unsaturated polyesters. Moreover, the pressure required for epoxy composite preparation is lower than other thermosets. With wide variety of viscosities, it is possible to choose desired epoxy resin towards intended application/performance. The former, can be tailored by changing the resin type and the curing agent. It has been applied for high structural components, such as: wind turbine blades, automotive and aerospace. This contributes to the production of green energy and fuel consumption reduction (viz. light vehicles and airplanes). There are a number of studies based on the hand lay-up processing technique [48] [49] [50] [51] . Frequently, this method is used together with light compression by using some weight during curing, either in the presence of heat or at room temperature. On the other hand, Saba et al. [3] , and others [52, 53] also employed compression molding alone and VARTM was also used by Xia et al. [54] . Similar to epoxy resins, there are various polyester resins, such as: saturated polyester, alkyd, vinyl ester and unsaturated polyester. Amongst all these resins, unsaturated polyester and vinyl ester are the most studied, particularly in the case of hybrid composites, as listed in Table 5 . The chemical and mechanical properties of the polyester resins depend on the choice of resin, crosslinking agents and initiators in use. Different processing techniques, such as: hand layup, compression molding, pultrusion, vacuum assisted resin transfer were used to fabricate hybrid composites (Table 5 ). Twin-screw extruder + injection molding [32] Recycled polypropylene Wood flour/glass fibre Injection molding [57] High density polyethylene Sawdust/silica with 3-methacryloxypropyl-trimethoxysilane Internal mixer [29] High density polyethylene Kenaf/CaCO) Twin screw extruder followed by compression molding [59] High density polyethylene Rice Husk/CaCO 3 Twin screw extruder followed by compression molding HDPE Wood flour (WF) of oak species/E-glass with maleic anhydride as coupling agent
Counter-rotating twin-screw extruder [60] Recycled High density polyethylene/PET Rice husk/Organoclay Twin screw extruder followed by compression molding [61] RPP/RLDPE/RHDPE Palm Twin screw extruder + injection molding with maleic anhydride as coupling agent [62] PVC Wood flour/Zinc borate (ZB) Twin-screw/single-screw extruder + melt press [63] Polylactic acid Unidirectional flax fibre/flax paper layers Compression molding [37] Polylactic acid NaOH treated Kenaf fibre/multiwalled carbon nanotubes with 3-glycidoxypropyltrimethoxysilane Internal mixer [35] Polylactic acid Kenaf fibre/corn husk flour Twin-screw extruder followed by injection molding [27] PLA/polyethylene glycol NaOH treated Kenaf/ammonium phosphate Twin screw extruder + compression molding [64] Polylactic acid fruit bunch fibres (EFBF)/Kenaf core fibres Compression molding [38] PLA TEMPO oxidized Flax/TiO 2 Hot press molding process [65] Poly(butylenes succinate-colactate)/starch NaOH treated Luffa fibre Twin-screw extruder followed by injection molding [26] Poly(butylenes succinate-colactate)/starch NaOH kenaf fibre Twin-screw extruder followed by injection molding [26] Polubutylene succinate (PBS) 
Unsaturated Polyester resin
Nonwoven Hemp/woven basalt fibre Compression molding [46] Iron nanoparticles/kenaf fibre Compression molding [47] Kenaf/copper film Vacuum assisted resin transfer molding (VARTM) [44] Powdered activated carbon/kenaf fibre Vacuum assisted resin transfer molding (VARTM) [43] MgCO 3 particles/kenaf fibre Vacuum assisted resin transfer molding (VARTM) [42] Kenaf bast/glass fibre Compression molding [69] Polyester NaOH treated Kenaf/woven E-glass Compression molding [41] Unsaturated polyester Needle punched non-woven hemp fibre/basalt fabric Hand layup + compression molding [46] Polyester Jute/glass Pultruded [73] Epoxy resin Palm nano filler/kenaf fibre Compression molding [3] Epoxy resin Kenaf/MMT clay Compression molding [3] Epoxy resin Kenaf /OMMT clay Compression molding [3] 
Mechanical properties of hybrid polymer composites
Mechanical properties of hybrid polymer composites depend on several factors. These factors include: the dispersion and distribution of reinforcements in the chosen polymer matrix, interfacial adhesion between polymer and reinforcements, large surface area, high aspect ratio of reinforcements, mechanical properties of reinforcements, effect of loading, surface modification, fiber dimension and orientation in the case of natural fibers. In many studies, mechanical properties are usually reported as a function of loading, size and fiber treatment [21, [91] [92] [93] [94] . Numerous researches have been reported on the development of hybrid Vinyl ester Flax/basal Resin infusion followed by heat and autoclave [89] Vinyl ester Flax/basalt Vacuum infusion technique [90] polymer composites from both thermosets and thermoplastic by utilizing both synthetic and natural fibers as well as the combination of fibers with nanomaterials and their mechanical and thermomechanical properties elucidated [73, 92, 94, 95] . The reason of using more than one type of reinforcement is the fact that the advantage of one type can complement the disadvantage of another and thus, improve the properties and performance of the resultant material, as are listed in Table 6 . Moreover, the demand for the development of such materials is increasing because they meet the requirements of many products, such as door panels and car interior in transport vehicle [92] . The prediction of the mechanical behavior of hybrid materials depend on material parameters, such as: the reinforcements (fibers or particles) mechanical properties, matrix mechanical properties, distribution and dispersion of reinforcements, volume fractions of the reinforcements and test conditions. Rule of mixture (ROM) is, often applied to predict the mechanical behaviors of hybrid materials. There are several models reported in the literature, based on ROM for the prediction of the mechanical properties of hybrid composite materials. These theoretical models, include Voigt, Reuss, Hirsch and Tsai-Pagano [96] . In the case of modulus prediction by using ROM from the hybridization Equation (3), P as property of the components of the hybrid composites is replaced by E, which stands for modulus of each components, as in Equation (2). Yusoff et al. [97] reported that the modulus of a single type polymer reinforced with reinforcement (fibers or particles) can be calculated by using Equation (3). The volume fractions of the reinforcement (fibers in most cases) and polymer matrix are also determined, as shown in Equations (4) and (5):
where
where, E and V are the Young's modulus and volume fractions of the reinforcement, respectively. The subscript c, f and m represent composite, fibers as reinforcement and matrix, respectively. Venkateshwaran et al. [98] calculated the Young's modulus (E hc ) of hybrid composites as a sum of two systems (polymer composite reinforced with fiber 1 and polymer composite reinforced with fiber 2), as shown in Equation (6), by assuming that the strain of the hybrid equals to that of each system.
where, E c1 and E c2 are the elastic moduli for composites 1 and 2, respectively, while V c1 and V c2 represent the volume fractions of systems 1 and 2 , respectively (Equations (7)- (9):
where, V t is the total reinforcement volume fraction. However, in the case of Yusoff et al. [97] , Kureemun et al. [92] , Banerjee and Sankar [99] and Essabir et al. [96] the Young's modulus of the hybrid composites were calculated using the Equation (10): (10) Before using these equations, it is important to assume that there is no interaction between the fibers in the hybrid, the fibers are well aligned, dispersed and distributed throughout polymer matrix, good interfacial adhesion between the fibers and the matrix and that the load applied is parallel to the fibers direction. It was observed, in most studies that the predicted elastic moduli were in agreement with experimental values [92, 97, 98] . For instance, Venkateshwaran et al. [98] reported that the incorporation of sisal fibers in a hybrid composite reinforced with banana fibers resulted in an increase in both tensile strength and modulus up to the 50:50 ratio for materials tested in both the longitudinal and transverse directions. A further increase in sisal fiber loadings led to a decrease in the tensile strength and modulus of hybrid composite materials. It was also found that the calculated tensile modulus, by using ROM, followed similar trend as experimental results. As mentioned earlier, ROM predicts the elastic modulus of continuous well-aligned fibers hybrid composites. However, this model does not predict the elastic modulus of hybrid composite reinforced with discontinuous fibers and small particles. Essabir et al. [96] applied Tsai-Pagano equation (shown in Equation (11)) to predict the elastic modulus of polypropylene hybrid composites reinforced with core fibers and core shell particles:
where E 1 and E 2 are elastic moduli of the composite reinforced with core shell particles and core fibers, respectively. Similar to ROM, Tsai-Pagano theory assumes that there is a good dispersion, distribution and alignment of fibers, interfacial adhesion between reinforcements and polymer matrix. The authors [96] , reported that the best fit was obtained when a force of 5000 MPa for the core shell particles was utilized. It was also found that the predicted elastic modulus was comparable with the experimental elastic modulus.
On the other hand, in the case of the tensile strength (σ) of the hybrid composite prediction, Equation (14) was derived through the application of an equilibrium force (F hc ) on the hybrid cross-section area (A) [92] (Equations (12), (13)). However:
and (12) Then,
Similarly to tensile modulus, the predicted tensile strength using ROM were in agreement with experimental tensile strength [92, 97] . For example, Yusoff et al. [97] developed a PLA hybrid by the incorporation of two and three fiber systems. They discovered that the experimental tensile strength of the hybrid composites, reinforced with bamboo and coir fibers, matched perfectly well with the predicted tensile strength by ROM, whereas kenaf, coir fiber reinforced hybrid composites and kenaf, bamboo and coir fiber reinforced hybrid composites, were slightly different, with 9 and 15% higher, respectively than those predicted by using ROM. Naito and Oguma [100] predicted the tensile strength of the hybrid composites reinforced by using Equation (15) . The authors reported that the estimated tensile strength (from Equation (15)) was in agreement with the experimental strength value:
where F max and d are maximum fracture load and diameter of the hybrid rod as measured by using a micrometre, respectively.
The prediction models of mechanical properties offer several advantages such as reduction of cost and minimize time consuming for the design of the new product for certain application since these models can be used to predict the resulting mechanical properties of the hybrid composite which are closely comparable to the of experimental results. It is noteworthy to mention that some models which account for other variables which affect the mechanical properties of the resulting composite materials can be modified for hybrid composite as reported in [101, 102, 103] . For instance, Pukanszky's model, which is often applied for quasi-spherical filler, could be used to describe the effects of filler volume fraction, and interface interactions on the mechanical properties.
Synthetic-natural fibers reinforced hybrid composites
Synthetic and natural fibers reinforced hybrid polymer composites have been used to enhance the performance of the resultant material, reduce moisture absorption, balance the costs of the fibers, reduce the negative environmental impact and lower the energy and carbon footprint [95] . Natural fibers are hydrophilic in nature because they contain hydroxyl groups on the surface and therefore, they swell when in contact with water/moisture, thereby resulting in unsatisfactory properties. Surface modification methods have been employed in order to mitigate the aforementioned problem but, the majority of those methods apply harsh chemicals, which are not environmentally-benign. Hybridization offers an alternative to chemical treatment by combining natural fibers with synthetic hydrophobic fibers [95] . This method involves the simultaneous reduction of water absorption and improving the properties of the resultant material. There has been a lot of work, documented in the literature on hybrid materials, consisting of synthetic and natural fibers. Among these studies, Akil et al. [73] investigated the hybridization of synthetic glass fibers and high modulus jute fibers. Their results showed that the inclusion of glass fibers in a hybrid system of polyester composites reinforced with jute fibers resulted in the improvement of the tensile and flexural properties. It was also observed that the addition of glass fibers reduced water absorption of the material. Similar findings were reported in other studies [92, 94] . These authors hybridized woven flax and carbon fabrics laminates as well as carbon and jute,
respectively. In addition, Kureemun et al. [92] also highlighted that the increase in carbon content led to increase in tensile properties, while Ramana and Ramprasad [94] stated that the replacement of jute fibers portions with carbon fibers makes the material to be significantly stronger.
3.2. Natural-natural fibers reinforced hybrid composites Polymer composites reinforced with natural fibers have shown a great potential in automotive as body parts, domestic furniture, food packaging, agricultural, biomedical building and residential applications [104] . Natural fibers can be blended with other natural fibers and can also be incorporated into a polymer matrix to form a hybrid composite. This can balance the costs of the natural fibers, improve the performance and properties of the resultant material [23] . Edhirej et al. [23] reported that the optimum tensile strength of a natural-natural fiber reinforced hybrid can be obtained when high strain is achieved. Researches are currently focusing on natural-natural fibers reinforced hybrid composites as suitable alternatives to synthetic fibers, such as carbon and glass fibers. Many researchers have investigated the mechanical properties of natural-natural fibers reinforced hybrid composites [20, 89, [105] [106] [107] . Amongst these researchers, Das [105] developed polyester hybrid composites reinforced with woven jute fabric and waste paper and studied their mechanical properties together with the mechanical properties of the individual composites. From the results, polyester composites-reinforced with woven jute fabric displayed high tensile and flexural properties, followed by hybrids and then polyester composites reinforced with waste paper (i.e. polyester composites-reinforced with woven jute fabric > hybrids > polyester composites reinforced with waste paper, in terms of their tensile and flexural properties). The reason for the decrease in the tensile and flexural properties of the hybrid composites was the fact that waste paper consists of short fibers, which contributed to the decrease in tensile properties of the materials. These results were in agreement with the interlaminar shear strength (ILSS) properties. Similarly, the tensile and flexural properties results reported by Fragassa et al. [89] , followed a similar trend presented in the findings reported by Das [105] . In the case of Fragassa et al. [89] data, vinylester composites reinforced with basalt fiber exhibited high tensile and flexural properties; basalt-flax fibers reinforced vinylester hybrid followed and then vinylester composites reinforced with flax fibers. Conversely, vinylester composites reinforced with flax fibers had higher energy absorbed, followed by the hybrid and then vinylester composites reinforced with basalt fiber. Maslinda and co-workers [20] reported contrary findings. In their study, they reported that kenaf-jute fibers and kenaf-hemp fibers reinforced hybrids exhibited high flexural and tensile properties in comparison to the individual composites at both dry and saturated states. Very recent study on the mechanical properties (viz. tensile, compressive, hardness and impact strength) of woven banana fiber and groundnut shell ash reinforced epoxy hybrid composite was reported in [107] . It was found that hybrid composite composed of 82% epoxy, 1.5% banana fiber and 3% groundnut shell ash had good mechanical properties than other composites, except impact strength. It had a tensile strength of 12.02 MPa, hardness of 37.3, impact strength of 0.340 J/mm 2 and compressive strength of 24.4 MPa, whereas composite composed of 85% epoxy and 15% banana had tensile strength of 10.21 MPa, hardness of 35.6, impact strength of 0.252 J/mm 2 and compressive strength of 20.7 MPa. A maximum impact strength (0.65 J/mm 2 ) was obtained for hybrid composite composed of 77.5% epoxy, 15% banana and 7.5% groundnut shell ash. Of recent, the development of biodegradable hybrids after the end of service life, has been a research hotspot. A biodegradable hybrid should consist of biodegradable polymer matrix and natural fibers. For instance, Sarasini et al. [108] developed biodegradable polycaprolactone (PCL)-based hybrid reinforced with ramie and borassus fibers. The inclusion of ramie fibers in PCL matrix resulted in increases in both the tensile strength and modulus. Further increases in both the tensile strength and modulus were observed when the content of ramie fibers was increased. However, the addition of borassus fibers in that system did not improve both the tensile strength and modulus, irrespective of the fiber content. In addition, the inclusion of fibers did not influence the hardness of the hybrid to a great extent. Jumaidin et al. [109] and Edhirej et al. [23] developed hybrid composites by using starch as a matrix and reinforced with seaweed and sugar palm fibers (SPF), cassava and SPF, respectively. In the case of Jumaidin et al. [109] work, the results demonstrated that hybrid showed higher tensile and flexural strength in comparison to the individual composites. An increase of SPF content from 25 to 50% led to improvements in the tensile and flexural strengths. The highest tensile (17.74 MPa) and flexural strength (31.24 MPa) was achieved for hybrid composite with 50:50 ratio of seaweed/SPF due to good compatibility between seaweed, SPF and the matrix. In contrast, the impact strength decreased with increase in SPF content by 1.2, 8.4 and 7.3%, respectively for 75:25, 50:50 and 25:75 ratio of seaweed/SPF. This was attributed to an increase in the rigidity of the material following incorporation of SPF. In addition, the hybridization of seaweed and SPF, led to slower biodegradation activity.
Hybrid nanocomposite materials
Hybrid nanocomposites involve the inclusion of nanofiller in polymer composites [110, 111] . The addition of different nano-scale materials (oil palm nanofiller (OPN), montmorillonite (MMT) and organically modified montmorillonite (OMMT)) at 3% by weight, in kenaf fibers-reinforced hybrid nanocomposites, increased the tensile strength, tensile modulus and impact strength in comparison to the individual epoxy composite reinforced with kenaf fibers. Nano-scale materials have large surface areas and therefore, the incorporation of such materials induces the connection between kenaf fibers and the epoxy resin, which led to the enhancement of the mechanical properties of hybrid nanocomposites. However, hybrid nanocomposites reinforced with OPN displayed lower tensile properties when compared to hybrid nanocomposites reinforced with both MMT and OMMT. In addition, hybrid nanocomposites reinforced with OMMT, showed relatively high tensile properties and impact strength due to the strong reinforcing effect influenced by the treatment [55] . Similar observations were reported in other studies [110, 112] . In the work of Arrakhiz et al. [113] , they reported that hybridization of pinecone fibers and clay, led to an increase in the stiffness of the material and a further increase of clay content up to 30%, resulted in increased stiffness of the material but the tensile strength values remained constant. In contrast, Piekarska et al. [114] and Essabir et al. [96] reported that the hybridization of fibers and nanomaterials, led to the decrease in tensile properties. Battegazzore et al. [101] reported that the addition of modified clay (Cloisite 30B) into rice husk ash (RHA)/to different polymers (viz. polyamide (PA6.10 and PA 10.10) and polylactic acid (PLA) generally increased modulus at the expense of elongation. The modulus increased by 94, 85 and 53% for PA6.10, PA10.10 and PLA based hybrid composite, whereas 45, 44 and 40% were obtained for their composites with 20% rice husk ash (RHA). General decrease in tensile strength was observed and Pukanszky's model was employed to determine if there is some different interaction between fillers and matrices. It was found that the application of Pukanszky's model do not follow the composite behavior from 10 to 20 wt% loading which could be related to a loss of matrix-filler interaction especially at higher filler loadings.
Thermomechanical properties of hybrid
composites Thermomechanical properties of hybrid composite materials are expressed in terms of storage modulus (E′), loss modulus (E″) and tan δ, which is also called the damping factor and they are plotted as a function of time, temperature and/or frequency. Other researchers have investigated these properties as functions of reinforcement content [96, 112] . The thermomechanical properties of hybrid composites reinforced with treated and untreated grass fibers and glass fibers were investigated by Ridzuan et al. [115] . As expected, storage modulus decreased with increase in temperature because the polymer chains started to move freely. All the hybrids had higher storage modulus in comparison to neat epoxy. Hybrid composite reinforced with 5% alkali-treated grass fibers and glass fibers, had the highest storage modulus and loss modulus, followed by the hybrid composite reinforced with 10% alkali-treated grass fibers and glass fibers and then hybrid composite, reinforced with untreated grass fibers and glass fibers. According to Romanzini et al. [116] , the improvement of storage modulus in the hybrid composites was due to the higher molecular mobility restriction imposed by the fibers on polymer matrix. It was observed that neat resins had the highest damping factor [115] and [116] . However, the height of the damping factor of the hybrid composites decreased and shifted to higher temperatures due to the molecular mobility restriction and good interfacial adhesion between polymer and reinforcements. Other reported work on the thermomechanical properties of hybrid composites reinforced with synthetic-natural fibers [117] , synthetic-synthetic fibers [118] and natural-natural fibers [119, 120] .
The thermomechanical properties of hybrid nanocomposites were also investigated [3, 121] . Saba et al. [3] developed epoxy-kenaf hybrid nanocomposites reinforced with oil palm empty fruit bunch (OPEFB), MMT and OMMT and subjected them to dynamic mechanical analysis (DMA) in order to investigate their thermomechanical properties. The storage and loss moduli data clearly indicated that the incorporation of nanomaterials in epoxy composite reinforced with kenaf fibers, improved both the storage and loss moduli of the resultant composites. Interestingly, the hybrid composite containing OMMT had the greatest storage and loss moduli, followed by the one containing MMT and lastly, the one containing OPEFB. As mentioned in the foregoing paragraph, the enhancement of storage and loss moduli is due to the restriction in the polymer chain mobility [3] . This results were in agreement with other findings reported by other researchers [116, 121] . In the case of the damping factor, epoxy composite reinforced with kenaf fibers showed high damping factor peak height, whereas the hybrid composite containing OMMT had the lowest due to the restriction in the polymer chain mobility [3] . In addition, it was observed that the damping factor shifted to higher temperatures. Matykiewicz et al. [121] reported that the incorporation of 2.5% of basalt powder in epoxy hybrid reinforced with basalt fibers led to the increase in storage modulus. However, further increase in basalt powder content to 5 and 10% did not improve storage modulus. On contrary, epoxy composites reinforced with basalt fibers had lower damping factor in comparison to hybrid materials. Table 6 . Highlights of selected studies on the mechanical properties of hybrid composites reinforced with synthetic-natural, synthetic-synthetic and natural-natural fibers [20, 55, 73, 92, 95, 109, 112, 113] .
Summary-In general, synthetic-natural fibre hybrids have superior mechanical properties when compared to other hybrids (natural-natural fibre hybrids and hybrid nanocomposites). Despite the promising performance of synthetic-natural fibre hybrids, these materials have also inherent some drawbacks such as: high cost, and they are partially eco-friendly. On the other hand, hybrid nanocomposites displayed significant improvement in mechanical properties when compared to natural-natural fibre hybrids with the added advantage of low cost.
System Materials Highlights Advantages Refs
Synthetic-natural fibres hybrids -Glass-jute fibre hybrids -Hybrid had higher mechanical properties when compared with non-hybrid jute reinforced composite -Reduction of degradation of jute fibres -Balancing performance and cost -Reducing moisture absorption -Improved mechanical properties 
Moisture absorption
Moisture absorption is one of the major drawbacks in fiber reinforced polymer composites. This can cause a major restriction in the successful application of natural fibers in durable composites that are not necessarily limited to non-structural and interior applications. Moisture absorption in composites materials is mainly driven by the hydrophilic nature of natural fibers. Natural fibers are made up of a large number of hydroxyl groups (-OH) that are found in hemicellulose and cellulose, but not all the constituents contribute to the moisture absorption. For instance, lignin is hydrophobic in nature and has low -OH-to-carbon (C) ratio. On the other hand, cellulose, which forms the major part of natural fibers, has a large -OH-to-C ratio, of which small amounts of -OH groups are exposed or accessible to water molecules, since cellulose is semicrystalline. The crystalline region is inaccessible to water molecules but the water molecules are able to gain access to the amorphous region of the cellulose. Another constituent susceptible to moisture is hemicellulose, which has high -OH-to-C ratio and it is predominantly amorphous, thereby making it highly accessible to water molecules [122, 123] . When natural fibers absorb water molecules, they swell up because of water molecules occupying the space between the microfibrils, known as the temporary microcapillary network. The absorbed water molecules within the fibers can either form a multilayer at which not all water molecules are in intimate contact with the available -OH groups or form a monolayer, which associates closely with the available -OH groups. In natural fiber reinforced polymer composites, several factors influence the manner in which composite materials absorb water. These factors include: fiber volume fraction, temperature, fiber nature, difference in water circulation within the composite, degree of crosslinking and crystallinity, diffusivity and the response between water and the polymer [124, 125] . Moisture absorption into composite materials is driven by a major mechanism, known as diffusion. Diffusion is a process by which a substance is transported from one part (high concentration) of a system to another (low concentration) because of random molecular motion. The diffusion of water molecules into the composite material, involves: (i) direct penetration of water molecules into the microgaps between polymer chains, (ii) transport of water molecules by microcracks in the matrix, arising from swelling of fibers and (iii) capillary transport of water molecules into flaws and gaps at the interface between the fibers and the polymer, owing to the incomplete/poor impregnation and wetting [73, 126, 127] . Therefore, in natural fiber-based thermoplastic or thermoset-reinforced composites, water absorption behavior is observed when the composite is exposed to moisture and the polar nature of fibers causes the fiber to absorb water and swell. The resulting swelling, due to the penetration of water molecules leads to dilapidation, formation of cracks and debonding of the fiber-polymer interface, as illustrated in Figure 3 . This is initiated by the development of osmotic pressure pockets at the surface of the fibers due to the leaching of water soluble substances from the fiber surface [10, 128] 
where M t is the weight of the sample at time t and M 0 is the initial weight of the sample:
where T 0 and T h are the thicknesses of samples in the dry and wet states, at a given time, respectively. Besides the percentage of moisture content and thickness swelling, in composite materials several mechanisms are responsible for water absorption, but generally the overall effect is usually modelled taking into account the diffusion mechanism. Therefore, the process of water absorption in fibers based composites follows the diffusion mechanism and kinetics in accordance with the Fick's theory, which has been applied in previous fiber reinforced composites [130, 132, 133] . From the theory, penetration of water molecules inside the composite structure can be calculated from the Fickian diffusion coefficient (D) according to Equation (18) . The diffusion of water molecules is dependent on three different types of diffusion behaviors, which are extensively, reported in literature [126, 134, 135] . The shape of the sorption curve can, theoretically, distinguish the diffusion behaviors, however, the commonly used diffusion theory, is the Fickian diffusion: (18) where M eq is the maximum moisture content at equilibrium, h is the thickness of the composite and k is the initial slope of the moisture content (M(t)) as a function of the square root of time (t 1/2 ), as described by Equation (19):
In literature, various studies and reviews have been reported, on: chemical and physical treatments, use of coupling agents, inorganic and bio-based coatings in order to decrease the moisture absorption behavior in natural fiber-reinforced composites [122, [136] [137] [138] . However, moisture absorption remains as a challenge in natural fiber-based composites. Another alternative technique to mitigate moisture absorption is by hybridization of natural fibers with more water resistant inorganic fillers and/or synthetic fibers, which can have a profound effect on the water absorption behavior of the resulting composites [73] . Studies on hybrid composites produced from synthetic fibers/natural fibers [73, [139] [140] [141] [142] and inorganic/natural fibers [69, 129, 143, 144] , have been reported to mitigate the moisture absorption of natural fiber-based composites. The influence of moisture absorption on natural fiber-reinforced polymer composites, hybridized with inorganic fillers or synthetic fibers, are summarized in Table 7 and 80°C. The hybrid composites showed a Fickian diffusion behavior, but with a deviation at high temperatures, which was attributed to the formation of microcracks and dissolution of lower molecular weight substance from the natural fibers. Furthermore, hemp fiber composite showed a significant reduction in strength and stiffness due to the absorbed moisture, which resulted in the debonding of the fiber-matrix interface. Hybridization of natural fibers with glass fiber, significantly decreased its water absorption by ~40%. However, the absorbed moisture had a detrimental effect on the tensile strength and modulus of both hemp fiber and hemp/glass fiber hybrid composites. On the other hand, pultruded hybrid composites from jute-glass fibers and unsaturated polyester, showed superior modulus and strength retention at high temperatures of 50 and 80°C when compared to jute composites, following water immersion [45] . Moreover, the hybrid composites exhibited a tendency towards a deviation from Fickian behavior with increasing moisture resistance due to the addition of glass fibers. The results provided evidence that durability of natural fiber composites can be tailored by suitable hybridization with synthetic fibers in order to balance cost effectiveness, while reducing the environmental impact emanating from the material. Again, reinforcement of natural fiber with glass fiber may serve as a skin protection, thereby resulting in a drastic reduction in moisture absorption of natural fiber-based hybrid composites, as reported by Sature and Mache [140] , in their studies on the mechanical characterization and water absorption on jute/hemp reinforced hybrid composites. Other than synthetic fibers, the presence of inorganic fillers influenced the reduction of moisture absorption in wheat straw (WS)/recycled polypropylene (rPP) hybrid composites investigated by Yu et al. [69] . [42, 143, 145] . The incorporation of these inorganic fillers significantly decreased the moisture absorption and thickness swelling of the hybrid composites. The reason to the dramatic improvement in the water resistance properties of the composites was due to the adhesion between the fibers and the inorganic fillers. This is because of hydrogen bonding, thus blocking large amounts of -OH groups to interact with water molecules.
Biological durability
Natural fibers are recognized by their degradation tendency (viz. biological, chemical, mechanical, thermal, photochemical and aqueous), depending on the environment in which they are exposed to during their service [10, 11] . This is associated with the individual constituents present in the natural fiber utilized. For instance, it is observed that lignin is responsible for UV degradation, whereas, hemicelluloses are responsible for biological degradation as well as moisture absorption [10, 11] . Although this property justifies their use as reinforcement of different polymeric materials, their degradation may be undesirable for certain applications. The treatment of the fibers to block the -OH and other polar groups on their surface can improve the resistance to biological degradation [10] . In the case of the composites, it is recognized that biological degradation is influenced, mainly by the resin and interfacial treatment, and the loss of interfacial strength can greatly influence the entire composite to biological degradation [148] . Very few studies were reported on the biological durability of the hybrid composite materials [109, [148] [149] [150] . The presence of carbon fiber was reported to reduce the decay rate of the hybrid composite in [149] . It was found that without carbon fibers, the composites exhibited the mass loss rate of 29.35 and 40.99% after exposure for six weeks to white rot (Trametes versicolor) and brown rot (Coniophora puteana) fungi, respectively. The mass loss, however, reduced to 0.14 and 0.78% for hybrid composites consist of 5% sisal fibers and 35% carbon fibers. Biopolymers are known by their biodegradability, which in turn can be controlled by incorporation of various fillers. Inclusion of Carauá fiber into the biodegradable polyester-based blend by using maleic-grafted polypropylene (MA-g-PP) as compatibilizer led to reduction in water absorption, which in turn, resulted in higher amounts of retained mass of composites in biodegradation tests [151] . The retained mass of polyester blend/20 wt% Carauá fiber/MA-g-PP composite was 68% as compared to pure polymer which was 26% after 210 days under soil burial test. Jumaidin et al. [109] reported that the inclusion of 75% sugar palm fiber (SPF) reduced weight loss by 53.7 and 73.2% after 2 and 4 week of burial in the soil, respectively. This was ascribed to the high biodegradation resistance of SPF due to a less hydrophilic characteristic than seaweed. It is recognized that an increase in hygroscopic characteristics of the material facilitates the growth of microorganisms during degradation and hence increases the weight loss of material. The effect of weathering on polyethylene/wood composites in the presence of nano zinc oxide was investigated in [152] . The presence of zinc oxide decreased surface degradation during weathering due to its capability to absorb UV radiation. Using accelerated weathering with xenon-arc light and water spray, the effect of weathering on the properties of PP-based co-extruded wood plastic composites (WPC) loaded with different fire retardant fillers, i.e., aluminium trihydrate (ATH), zinc borate (ZB), melamine, graphite (G) and titanium were studied by [153] . It was demonstrated that graphite was the best choice to protect the composite against light action. This was attributed to graphite acting as physical screening and light absorber because of the presence of chromophore groups on the graphite surface. The degradation of the hybrid composite, is generally, affected by conditions at which the materials is exposed. The exposure to UV radiation, rain water and high temperature caused micro-and macrocracks in the hybrid composite which accelerated subsequent biodegradation in soil and fungal decay as reported in [150] .
6. Flame resistance 6.1. Flammability properties of hybrid fiber composites (untreated and treated composites) Flame retardancy and smoke production characteristics of composites materials are major issues. This is because the composite material must pass a certain fire regulatory to ensure public safety since most of the natural fiber composite materials are used in our homes. When natural fiber composites are exposed to fire or any other high-intensity heat source, they are subjected to thermal decomposition and combustion. As a result, it is important to understand how individual components of the end-products burn and how best can we modify materials to make them flame-resistant without compromising their uniquely valuable low weight to high mechanical ratios. Flammability properties of hybrid natural fiber composites have been investigated by employing the UL 94 burning rates, cone calorimeter and limiting oxygen index (LOI) measurements. Table 8 illustrates the limiting oxygen index (LOI) and the heat release rate (HRR) of selective polymer matrices [63, [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] . Generally, a material with a higher LOI will have a lower flammability than the one with a lower LOI value. A cone calorimeter is an instrument that works on a principle that is based on the oxygen consumption of the material during a combustion performance test [170] . The basic parameters of a cone calori meter are: [166, 167] Poly(methyl methacrylate) 18 700-897 [168, 169] time to ignition (TTI), heat release rate (HRR), mass loss rate (MLR), smoke production rate (SPR), etc. Heat release rate (HRR) is a very important parameter and it can be used to express the intensity of fire. Unlike LOI, a highly flame retardant system normally shows a low HRR peak. The majority of the reinforcing natural fibers in polymers was observed not to help in terms of improving the fire resistance (measured by LOI and Cone calorimeter) of the natural fiber composites (Figure 4 ) [78] . The results in Figure 4 indicated that the addition of coir and sisal fiber promoted the flammability of the resultant composite and therefore, the majority of natural fibers can be regarded as poor flame retardant materials. A careful inspection of the plots in Figure 4 showed that the burning rates of the vertical and horizontal tests are different, with the flame rate of the vertical test being faster than the horizontal test. This is due to the preheating of the samples in the vertical burning test. However, in some studies [63, 171] , the incorporation of wood into polymers without any flame retardant filler had a positive effect on fire performance of polymer matrices, but had little effect on the smoke suppression. From the cone calorimeter measuring technique, the peak heat release rate was observed to decrease with the addition of wood flour in comparison to polymer matrices. The authors provided different reasons for the two systems, viz: (i) it was reported that wood flour had a lower peak HRR than PP, thus placing the fire performance of wood flour/PP composite between that of PP and wood flour and (ii) the presence of wood filler in the polyvinyl chloride (PVC), resulted in the early charring in the first stage and hence, suppressing the heat release rate. Furthermore, Subasinghe et al. [172] reported an increase in the combustion rate in long kenaf fiber-reinforced composites in comparison to the short kenaf fiber-reinforced composites; however, both composites performed better than pure PP matrix. A better fire resistance of the short fiber-reinforced composites when compared to the long fiberreinforced composites was attributed to the presence of a more uniform and homogenous blend of fibers and the hollowness of the fibers acting as a heat flux barriers. The studies [63, 171] above have shown that the addition of fibers could improve the flammability resistance of the neat polymer, however the improvement in flammability resistance of the composites is not adequate to pass a certain fire regulatory demands in order to ensure public safety. The addition of a third component to the natural fiber-reinforced composites, known as fire retardant, helps to overcome the difficulty of high flammability of natural fiber composites, in the process forming new composites, otherwise, known as hybrid composites. The incorporation of such materials (fire retardants) in natural fiber composites (NFCs), reduces the major drawback of NFCs, which is highly flammable and as result, improving the widespread application of this materials in engineering applications, such as infrastructure and transport [6] . It should be noted that there are a couple of methods mostly employed for manufacturing of flame retardant natural fiber-reinforced composites, i.e. (i) coating of natural fibers or lignocellulosic materials with fire retardants before manufacturing of such composite (ii) the addition of fire retardants during the production of natural fiberreinforced composites. Generally, the addition of non-combustible materials is aimed at protecting and separating natural fibers or lignocellulosic materials and this goes together with the incorporation of flame-retardants fillers into the interior of flammable materials and as a result, acting as a barrier for fire protection. The most frequently used flame retardant chemicals include: phosphoric acid [173] , zinc borate [63] , dicyanodiamide; expandable graphite [174] , sodium borate [60] , antimony oxide, nanoclay [175] and ammonium polyphosphate [176] . They are added usually, in the form of powder and the amount ranges between 5 to 10% in relation to dry mass of the matrix. It is worth mentioning that the flammability characteristics of natural fiber hybrid materials depend on the type of fiber, fiber treatment, dispersion of both flame retardant and fiber, content of fiber and flame retardant agent. Yu et al. [177] investigated the flammability properties of kenaf/acrylonitrile butadiene styrene (ABS) nanoclays. When acrylonitrile butadiene styrene (ABS) is exposed to fire, it is easily burned with yellow flame, producing black soothe and smoke and apparently continues to burn even after the removal of fire. In their study, nanoclays were used as a flame retardant agent in order to prevent or minimize the combustion of a polymer. Nanoclay is regarded as a good flame retardant filler because it possesses the capability to prevent polymer combustion, physically and chemically. Physically, it forms a protective layer through cooling or chemically due to a reaction in the condensed or gas phase [175] . The flammability properties, in the work of Karunakaran et al. [175] , were determined under two different conditions, viz: controlled and uncontrolled conditions. In both conditions, the addition of 1% nanoclay decreased the burning rate of ABS/ kenaf composites; irrespective of the fiber or polymer content ( Figure 5 ). This was attributed to the formation of a protective char barrier on the surface of the material. The nanoclay prevents oxygen from entering the substrate and/or volatiles from moving out of the substrate into the flame. Based on the above argument, it can be deduced that the mechanism of nanoclay occurs into two different ways, i.e. through the heat release reduction and prevention of volatile flame dripping. Flammability properties of natural fiber reinforced expandable graphite filled composites were studied [174] . Expandable graphite (EG) with contents weighing of: 3, 5 and 7 wt% were added to 20 wt% natural fiber-reinforced epoxy matrix. Flammability properties in the study of Khalili et al. [174] were characterized by Bunsen burner test and bomb calorimeter. According to the Bunsen burner test results, neat epoxy matrix burned fast with a total flame time (TFT) and a drop flame time recorded as 105 and 50 s, respectively with the entire sample burning out completely. The introduction of natural fibers into epoxy resin did not assist in terms of improving the flame resistance of epoxy, as the whole length of the natural fiber/epoxy composites happened to burn out completely. The addition of natural fiber to the epoxy matrix did not form a protective barrier to heat and fuel transport, resulting in a higher total flame time (TFT) and a drop in the flame time (viz: 160 and 72 s, respectively) in comparison to pure epoxy matrix. The incorporation of expandable graphite at 3 wt%, dropped the TFT as low as 1 second, stopping the dripping flame completely and further reducing the burned length to 1 mm. A possible explanation to this behavior was adduced to the formation of exfoliated graphite layers before the ignition of the natural fiber and the epoxy and as a result, preventing the transfer of gas and heat between the burning substrate and the fire zone. Furthermore, the Bunsen burner test of natural fibers, soaked in an aqueous NaOH solution with a concentration of 5 wt% for 24 hours, was reported from the same study. The fiber treated with NaOH composite with 5 wt% EG, was found to meet the requirements of the Bunsen Figure 5 . UL-94 horizontal burning rates of ABS/kenaf/nanoclay for a) controlled condition and b) uncontrolled condition [175] . Open access.
burner test in comparison to both 3 and 7 wt% contents of EG. This could have been the optimum concentration of EG required to extinguish the treated fiber composite. The effects of the different surface treatments of natural fiber, flame retardant agents and/or the addition of compatibilizers on the flammability of hybrid composites have been investigated extensively [173, 174, 177] . Treated composites, in most cases, improved the flame resistance properties of the flame retardant natural fiber hybrid composite. It is believed that a better dispersion of the filler in the polymer resulted in a significantly stable interfacial structure. Such structures are strong enough to resist heat and prevent material from cracking and pursuing further degradation. Szolnoki et al. [173] investigated the flammability properties of natural fiber hemp fabricreinforced epoxy resin composites. Hemp fabrics were treated by employing three different techniques, i.e.: (i) thermotex treatment (THF: thermotex treated hemp fiber), (ii) sol-gel treatment with GF9 amino silane (SiHF: silane treated hemp fabric) and (iii) a sol-gel treatment followed a thermotex treatment (SiTHF). In this study, the effect of modifications on the flammability of fibers was compared to the unmodified fabric (NHF). A phosphorus-containing amine-type curing agent (TEDAP) was used as a flame retardant filler. The modifications of the fabrics resulted in an improvement in the flammability resistance, as evident by the increasing LOI values and the reduction in heat release. It was, further observed that the sol-gel treatment and the thermotex method provided better flame resistance properties. The improvement in flammability resistance of the composites was attributed to the difference in the type of char formed by the different samples. For example, SiTHF-treated sample formed a compact, continuous char layer than the NHF, THF and SiHF-treated samples. This type of char is able to delay the penetration of heat and oxygen into the system and the release of flammable decomposition products from the system and as a result, improves the flame resistance properties. Jute fiber/PLA composite was prepared by using a twin-screw extruder with 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and maleic anhydride (MA) as a flame retardant agent [177] . DOPO-MA was synthesized by the reaction between DOPO and maleic acid. DOPO is a phosphorus-based intumescent flame retardant and Yu et al. [177] have used it in the study because of its high thermal stability, good oxidation and water resistance. It is well known that polar fibers have inherently lower compatibility with less polar polymer matrix and furthermore, the addition of DOPO may further weaken the interfacial adhesion between fiber and PLA matrix. As result, the authors synthesized a flame retardant compound with DOPO and MA to form DOPO-MA with the hope that MA may induce reactive groups, such as hydroxyl and carboxyl, which can form hydrogen bonds between flame retardant and plant fiber/PLA that may result in a good solution for weak interfacial bonding. Flammability properties of DOPO-composites and DOPO-MA system were investigated by LOI and UL94 tests. The LOI value of the composites with DOPO was lower than that of the composites with DOPO-MA at the same content, thereby confirming the fact that DOPO-MA had a better flame retardant efficiency than DOPO. Cone calorimeter showed lower PHRR value when DOPO-MA was added to the PLA/fiber composite than the composites with DOPO. This was attributed to a better interface between the flame retardant filler and fibers or matrix, which forms a strong heat barrier and might have probably prevented the decomposition of products from escaping out of the system and the penetration of heat and oxygen into the system. It is envisaged that a heat barrier will become fragmented when many gaseous decomposition products escape in the system, which will eventually make it easier for heat and oxygen to enter the system. Arjmandi and co-workers [176] investigated the effects of ammonium polyphosphate (APP) content on the flammability properties of kenaf/polypropylene (KF/ PP) and rice husk/polypropylene (RH/PP) composites, prepared by melt mixing technique. In their study, neither flame retardant agent nor fiber was treated, but a compatibilizer in the form of polyethyleneoctene-grafted-maleic anhydride (POE-g-MAH) was added to the fiber/matrix composites. The authors in this study chose POE because it can mix faster and it showed better dispersion with polypropylene when compared with the conventional polyolefin elastomers. Furthermore, POE can form hydrogen bond between maleic anhydride group of the POE and hydroxyl group of the fibers. Generally, the addition and increase of APP in the PP/KF/APP and PP/RH/ APP composites increased the LOI values. The results confirmed an improvement in the flammability resistance of the composites with the addition of APP. The mechanism of APP as an intumescent flame retardant depends on the formation of an expanded carbonized layer on the surface of the polymer during thermal degradation. The layer acted as an insulating barrier, thereby, preventing heat transfer from the polymer towards the flame as well as oxygen from diffusing into the material. Table 9 summarizes the flammability characteristics of selective natural fiber hybrid composites [64, 147-149, 174, 176, 178-183] .
6.2. Synergistic effect of flame-retardants filler reinforced natural fiber composites A considerable attention was recently devoted to the synergistic effect of two or more flame-retardants fillers in order to improve the flammability resistance natural fiber-reinforced composites. In most studies, ammonium polyphosphate APP was investigated with other flame retardant agent to form a Table 9 . Flammability properties of some selected natural fiber hybrid composites [64, 147-149, 174, 176, 178-183] .
Hybrid system Remarks Refs
PP/wood flour with: (i) Ammonium polyphosphate (APP) (ii) Melamine polyphosphate (MPP) (iii) Aluminium hydroxide Wood-plastic composites (WPC) with 10 wt% of APP showed the best fire performance, and flammability class was V-0, which means that it showed self-extinguish property at vertical burning test. 10 wt% was the minimum amount of fire retardants to satisfy V-0 class for WPCs with 50 wt% of wood flour.
[155]
Polypropylene wood flour with: (i) Magnesium hydroxide (ii) Expandable graphite (iii) Ammonium polyphosphate
Cone calorimeter results indicated that EG showed the best properties on fire retardant and suppression of smoke. [178] Epoxy/empty fruit bunch (EFB)/expandable graphite Expandable graphite (EG) weighing 3, 5 and 7 wt% was incorporated into 20 wt% natural fibre (NF) reinforced epoxy. Increasing EG content in the composites significantly improved the fire resistivity and the thermal properties. This, however, was found to reduce the mechanical properties.
[174]
PLA/kenaf fiber/ammonium polyphosphate (APP)
APP was shown to be very effective in improving flame retardancy properties according to the limiting oxygen index (LOI) because of increased char residue at high temperatures. However, because APP decreased the compatibility between PLA and kenaf, there was a significant reduction in mechanical properties of PLA Biocomposites [64] Wood-flour/polypropylene/ammonium polyphosphate (APP) and ammonium hydroxide (ATH)
It was observed that APP appeared to be more effective than ATH in reducing the peak of heat release rate (PHRR) ESEM char analysis confirmed the formation of aluminosilicate barrier effect from MMT and HNT nanoparticles, which improved the thermal stabilization of phosphor carbonaceous structure.
[154]
Epoxy/palm empty fruit bunch (EFB) fiber/(ATH/APP hybrid)
The 10 wt% ATH and 5 wt% APP hybrid showed the most promising flame retardancy with a self-extinguishing property as well as the lowest gross heat and greatest char residue amongst the various formulations investigated. There was an increase in moduli of the flame retardant filled (FR)-filled composites compared to that of the natural fiber (NF)/epoxy composite, due to a more brittle characteristic.
[181]
Thermoplastic starch (TPS)/cellulose derivatives/coconut fiber (CF)/aluminium trihydrate (ATH)
It was reported that CF produced charring activity to some extent, slightly decreasing the fire load. Aluminium trihydrate (ATH) acted as a fuel dilution and residual protection layer reducing flame retardancy because it decomposed endothermically into water and inorganic residue. Furthermore, it was observed that the replacing part of ATH with coconut fibers improved the flame retardancy (i.e. heat release rate, ignition, fire growth rate, etc.) of the system.
[182]
Thermoplastic starch-phosphorus containing polyol (TPS/P-polyol)/phosphorus treated biofibers (P-fibers)
In the study, the authors investigated phosphorus containing polyol for plasticizing starch and phosphorus treated biofibers. It was reported that the TPS-polyol and Ptreated biofibers showed an increase in mechanical performance followed by improved flame retardancy i.e. 45% reduction in pkHRR than the reference TPS.
[ 183] synergy. There are a couple of reasons mentioned in the literature as to why synergistic effect of flame retardant agent fillers was used for natural fiber-reinforced composites. In some cases, flame retardant fillers require higher content for them to be effective flame-retardants and high contents reduce the mechanical properties of the system. Furthermore, there is poor compatibility between flame retardant agent and fiber polymer matrix. It is well known that poor fiber-matrix and or flame retardant agent reduces the mechanical properties of the system. As explained earlier in this review, in some cases, they may treat the flame retardant filler with other reactive groups, such as MA, which normally interacts with the fibermatrix interface. The treatments were done in order to ensure that the addition of flame retardant filler does not compromise, negatively, the mechanical properties. Alternatively, another flame retardant agent with high mechanical strength, good thermal and chemical stability, may be added to the flame retardant natural fiber hybrid composites. It should be noted that when two or more flame retardant fillers are incorporated into the natural fiber/polymer composites, their contents are normally low, which does not compromise the mechanical properties of the system. The idea is such that the addition of flame retardant filler is expected to improve the flame resistance properties of the natural fiber-reinforced composites, but not at the expense of the mechanical properties of the system. It has been observed that the synergistic effect of flame retardant fillers in natural fiber-reinforced composites, improved the flammability of the composites more than when a single flame retardant agent was used. The synergistic of synthetic zeolites and ammonium polyphosphates (APP) on the flammability of wood-flour/polypropylene composites was investigated [180] . It is well-known that APP enhances the flame retardancy of WPCs with obvious decrease in the mechanical properties, because of the poor compatibility between APP and WPC matrix. Zeolites (type 4A and 13X) with four different concentrations (2, 4, 6 and 8 wt%) was chosen as synergistic filler with APP because of its high mechanical strength, good thermal and chemical stability. Both the limiting oxygen index (LOI) and cone calorimetry tests were performed in order to investigate the flame performance of WPCs and the results showed that the addition of 4A or 13X zeolites had synergistic effect on the flame retardancy of WPCs. The resultant mechanical properties showed that the addition of zeolites to the APP/ WPCs, increased the flexural properties and impact strength, whereas the tensile properties of the WPCs decreased. The zeolites (4A or 13X)/APP/WPCs formed a compact and continuous char layer; whereas APP/WPCs formed, a less compact and discontinuous char. Therefore, the addition of zeolites (4A or 13X)/APP formed a better char, which can protect the underlying material from further degradation. Such a char layer (compact and stable) will provide good protection against the entering of heat and the release of flammable volatiles, thereby leading to good flame retardancy. Furthermore, the release of toxic gases is considered as an important parameter for flame retardant materials. Carbon monoxide (CO) emanating from fires is believed to be the dominant toxicant in fire deaths. The incorporation of APP in WPC produced high carbon monoxide yield, whereas the addition of zeolites to WPC/APP, resulted in low CO yield, which proved that zeolites could decrease the release of toxic gases during the combustion of WPC. A comparative study of the effects of two different nanoparticles (halloysite nanaotubes and montmorillonite (MMT) nano clay) on the flammability properties of an intumescent APP-based polypropylene/kenaf system was investigated [154] . Pure PP (without kenaf fiber) and intumescent flame retardant (IFR) in the form of ammonium polyphosphate (APP) showed rapid combustion by releasing high peak heat release rate (pk-HRR) ( Figure 6 ). A reduction in pk-HRR was observed with the addition of kenaf into the polymer matrix, even though the fiber cannot be regarded as a flame retardant agent. However, as much as kenaf reduced the pk-HRR of PP, the HRR value of PP/kenaf was still quite high, i.e. between 600 to 800 kW/m 2 , which is a clear evidence that both PP and kenaf are flammable. According to the authors, kenaf-PP-APP (KeC-IFR) showed a 67% reduction in pk-HRR in comparison to neat PP matrix. This is due to a combination of the unstable lignocellulosic ash and the more stable intumescent char. There was an observation of a double peak in the HRR (Figure 6a ) of APP (KeC-IFR) system. The second peak, in most cases, is attributed to the gradual degradation of the protective layer, as the sample is continuously exposed to heat and the formation of a new protective char [154] . The addition of halloysite nanaotubes and montmorillonite (MMT) nanoclay enhanced the flammability resistance of the system further, in comparison to the APP (KeC-IFR) system by lowering the HRR and reduction in both smoke production rate as well as carbon monoxide production ( Figure 6 ). It was further noted by the authors that effective particle dispersion played a major role in the formation of compact and stable char layer, which was clearer with MMT than HNT. A better-dispersed particle leads to an effective performance during combustion process as denoted by low HRR peak (Figure 6a ). The observed HRR peaks are summarized by the micro scale char residues analysis ESEM, with each sample showing voids, thereby resulting in instability of the protection system, more especially at higher temperature ( Figure 7) . Figure 7a and 7b shows a loose char structure with the presence of voids in a KeC-IFR composite. This kind of a char will provide poor protection against the entering of heat and the release of flammable volatiles and as a result, providing poor flame retardancy.
However, the incorporation of 3 wt% of HNT in the KeC-IFR system, resulted in a more uniform and stable char layer (Figure 7d and 7e) than KeC-IFR system and therefore, it can slow down the volatile escape and entering of heat into the system. This type of char normally prevents further flame intensity of the flammable material at the surface and reduces smoke and gaseous products emission. The addition of MMT with better dispersion in the KeC-IFR system, improved the flammability performance better because of the better dense surface char (Figure 7e and 7f) than both KeC-IFR and HNT-KeC-IFR. However, as much as the formed chars in the presence of nanoparticles were stronger and compact, the authors noted that the presence of silicate platelets on the surface created island-like structures (Figure 7c and 7e) , whereby protection is not strong. Table 9 summarizes some selective studies on the synergistic effect of flame retardant fillers added to natural fiber/ composites. [154] . Open access.
Applications 7.1. Transportation
Hybridized composite materials have spurred considerable interest in the attempt to replace the conventional composites materials because of their improved performance when compared to their conventional counterparts. Carbon fiber-based composites have received popular attention because of the properties featured by the carbon fibers, which include high tensile strength and modulus. The drawbacks of carbon fibers, such as: cost and low ratio of compressive-to-tensile strength limit its application, which opens doors for the addition of a second filler with high ratio of compressive-to-tensile strength. Several studies were conducted in which glass fibers were introduced to find the performance balance of the resulting hybridized composite product [184, 185] . Irina et al. [185] studied the possibility of replacing part of carbon fibers with glass fibers (i.e. E-glass plain woven and E-glass stitch by bi-axial (±45°)). The density of the hybrid composites was reduced following the introduction of glass fibers, which is the key for fuel efficiency and for reducing the environmental burden from automotive. Moreover, good mechanical properties were obtained, which opens door for manufacturers to utilize such combinations for lighter and better performing materials. A balance between the mechanical properties and weight ratio can be obtained by interchanging the stacking ratio of the woven fabrics of carbon fibers and glass fibers, which gives the opportunity to resolve the problems associated with carbon fibers [184] . On the other hand, natural fibers as complete replacement of synthetic fillers for high-performance applications with regard to their outstanding mechanical properties, low density and abundant availability, have been one of the topics in the industrial and the academic communities [42, 186] . Kenaf fibers with mechanical properties comparable to glass fibers were studied in [42] in order to evaluate their applicability in automotive. In this case, nanoparticles (MgCO 3 ) were introduced via an in-situ process in order to improve, not only the mechanical properties of the resulting composite material, but also to improve the interaction between the natural fibers and the matrix. In comparison with glass fibers reinforced composite (i.e. glass fibers usually used for automotive), natural fiber-based composites performed better, which encourages the possibility of replacing glass fiber composites in automotive applications. Despite the addition of nanoparticles, natural fibers can be combined with glass fibers in order to enhance the properties of the hybrid composite material [81, 85, 185, 187] . This balances the performance-to-weight ratio; thereby producing a hybrid composite that can be applied in automotive. It is noteworthy to mention that the moisture absorption was however, also reduced when the glass fibers were incorporated into the hybrid system. Hybrid of natural and glass fibers reinforced composite were selected by using Analytical Hierarchy Process (AHP) to produce automotive brake lever, based on the formulated product design specifications [8] . Kenaf fiber emerged as a suitable candidate out of the 13 candidates hybridized with glass fiber reinforced composites for the design of a passenger vehicle center lever parking brake component. Several aspects have to be met by the resulting composite material for their application in aerospace.
The most important aspects when comes to aerospace are safety and weight. Therefore, it is not only mechanical properties, which qualify the composite material in aerospace but also flammability property plays major role. The combination of the flame retardants and fibers in order to produce hybridized composites with high flammability resistance, has been one of the hottest topics in recent years [66, 173] . It is recognized that one of the fatalities from airplanes is as result of fire. Reinforced composites are often used in the ceiling panels, interior wall panels, partitions, galley structures, large cabinet walls, structural flooring and overhead stowage bins. The most commonly used composite is made of thermosets reinforced with carbon fibers and they have high flammability. This has resulted in more research on the thermosets that have high flammability resistance; however, the price of these thermosets and their poor mechanical properties have driven more researchers to develop hybrid materials that have balanced mechanical and flammability resistance. Alexander and Churchill [75] conducted a comparison between hybrid composites composed of sisal/ glass, sisal/basalt and sisal/glass/basalt. It was reported that sisal/basalt/epoxy composites performed better than other combinations; this is due to the bond strength between sisal fiber and basalt fibers, which implies the possibility for their usefulness in aircraft structural applications.
Energy generation
Renewable energy sources have become the central subjects of researchers, governments and environmentalists. Wind and solar energies are two the largest renewable energies that have received considerable interest as alternatives to the petroleum-based energy sources. In the case of solar energy, hybridized composites were recently applied as part of the trough for the collection of energy from the sun [188] . The production of the parabolic trough collector (PTC) is expensive, due to the costs associated with their molds. In such cases, the addition of natural fibers is of significance in an effort to compensate for the overall costs of the resulting composite materials. It was recently demonstrated that it is possible to reduce the price of the trough collectors by including natural fibers and other synthetic fillers, as the reinforcing phase of the continuous phase [188] . Two major components that play a major role in the performance in wind turbines, are the blades and wind rotor. The elements that make-up these major components, control the power generation efficiency and the price. Many countries, which include United States of America (USA) and Ukraine, invested in researches, based on the optimization of the turbine blades that can perform better at very low wind speeds (i.e. 4 to 6 m·s -1 ). Carbon and glass fibers hybrid are the most used fillers in the turbine blades. The major disadvantages of carbon and glass fiber are the price and weight. The use of relatively cheaper fillers with considerably less weight when compared with carbon fibers, can improve the efficiency of the wind turbines. A recent study demonstrated that it is possible to replace 20-30% of carbon fibers with basalt fibers for turbine blades application, without significantly influencing the properties of the resulting composite product [189] . In another study [80] , a combination of woven/silicon/mesoporous silica showed a possibility of being used in wind turbine. The composites displayed excellent flexural modulus with only 3 vol% of mesoporous silica, due to the strong interaction between the fillers and the matrix.
Electromagnetic interference shielding (EMI)
Electromagnetic interference has been the major topic in various sectors, such as the: military, aerospace and communication [43, 44, 143] . The fast moving technology introduced many instruments and electronic devices, which produce lot of electrical and magnetic fields. The electromagnetic pollution affects signal to electronic devices and can damage their internal components, which in turn can affect the overall performance. Moreover, magnetic fields have major interaction with biological system and affect the human body DNA structure. This can also cause headaches and insomnia. Various materials, such as metal sheets received popularity as electromagnetic interference shielding (EMI). The disadvantages of the metal sheets are low mechanical properties and corrosion resistance. On the other hand, coating of the EMI shielding materials, such as: gold, silver, copper, iron and aluminum were adopted [47] . However, the ease wear out of the coated materials requires the need for novel strategies, such as the addition of the EMI shielding particles into the system under investigation. Quite a number of fillers, either alone or in combination, have been studied in order to establish a cheaper and lighter material that can be applied for electromagnetic shielding and absorption [143] . These include metals, metallic oxides and carbon-based materials. A recent study carried out through the mixing of magnetite and kenaf fiber as reinforcements of polyester matrix, indicates the fact that the hybridized composite is a good alternative to produce EMI shielding [143] . It is noteworthy to mention the fact that the water absorption of the hybridized composite was also reduced due to the interaction between the magnetite and fibers, through hydrogen bonding, which decreased the number of -OH groups on the surface of the fibers. Xia et al. [44] produced kenaf fiber-reinforced composite by VARTM, which was sputtered with Cu film magnetron in order to produce a hybridized composite material for EMI shielding. EMI shielding efficiency was found to have increased with an increase in the Cu coating time. A maximum shielding effectiveness of 48.3 dB (99.99%) was achieved for 3 hours of coating with Cu. In another work, Xia et al. [43] studied the application of kenaf fiber-reinforced polyester composites by introducing cheaper material, i.e. activated carbon in order to evaluate the electromagnetic shielding properties of the resulting hybridized composite material. Composite containing 30 g of activated carbon showed high electromagnetic shielding and absorption, thereby achieving, respectively 93 and 64%, while the EMI absorption/ shielding was 68.7%, which was 37.1% higher than the kenaf-polyester composite. By using retted fibers, it was possible to produce magnetized fibers by soaking the retted fibers in a solution of FeCl 3 and FeCl 2 for 14 hours [47] . This process allowed the opportunity to grow iron oxide nanoparticles on the surface of the fibers. The composites, based on these magnetized fibers (i.e. 18% of Fe nanoparticles), showed high shielding efficiency from 75 to 80% at frequency of between 9 to 11 GHz. In order to prevent corrosion of metal films, the protection from the natural fibers-based is another alternative to produce high electromagnetic interference shielding hybrid composite [54] . Xia et al. [54] covered the aluminum sheets with hemp fiber mats in order to prepare a hybrid composite through VARTM, with epoxy as the matrix. The introduced aluminum sheets increased the EMI shielding to above commercial requirements, i.e. 20 dB. The EMI shielding was increased from 1.0-4.8 to 30.7-46.8 dB, following the introduction of one layer of aluminum sheet and from 1.4-6.3 to 28.5-53.5 dB after the introduction of a 2-layers of aluminum sheets at a frequency range of between 8-12 GHz.
Armor systems
Synthetic fibers, such as aramid fibers, carbon and glass have been widely used as reinforcement of resins in order to study their applicability in armor systems [190, 191] . It is recognized that the armor system is usually composed of two layers. The outside layer is made-up of high strength metals, rolled homogeneous armor material (titanium or uranium). The interior (second) layer (spall liners), is often installed for protection from high projectile impacts. Polymers laminates (ultra-high molecular weight polyethylene and aramid fibers) are the most often used for spall liners due to their capability to withstand high impact because of their high modulus, high strength and high elongation-at-break. The cost associated with their production has been a major setback. The use of accessible and cheaper fibers without necessarily, compromising the safety/protection has been studied. Some fibers, such as glass, Kevlar and carbon fibers and their hybrids were explored as suitable candidates. Recently, natural fibers, combined with synthetic fibers, have garnered considerable interests for ballistic applications. Stacking sequence, areal or surface density, orientation and thickness, were found to play significant role in the ballistic perforation. Yahaya et al. [192] studied the Kevlar layer and nonwoven kenaf fiber layer, by using different sequences, i.e. kenaf at the innermost layers, outer most layers and at alternating layers. The V 50 (i.e. velocity of ballistic impact, with 50% chance of penetration and 50% of non-perforation) of the hybrid with kenaf at the outermost layers, was found to be superior to other systems. However, the Kevlarreinforced composite performed better than all other samples under that study i.e. negative hybrid effect. Moreover, it was found out that V 50 increased with an increase in the specimen's thickness due to the extra distance to be travelled, corresponding to an increase in the surface energy dissipation. Their follow up study, based on the woven kenaf fiber-Kevlar hybrid, recorded better performance when compared to the previous study, based on randomly orientated kenaf fibers [193] . They reported similar observations where V 50 and energy absorbed increased as functions of the specimen thickness. The failure mechanism of the hybrid composites for the front surface was due to shear plugging, while the rear surface showed fiber tension. It was concluded that high velocities are required for the penetration of thicker samples to occur due to the higher resistance to the projectile penetration, produced by thicker samples. Hence, this reduces the residual velocity and absorbs more of the projectile kinetic energy. Moreover, it was reported that the energy absorption increased with increase in areal density. The hybrid composed of two woven kenaf layers, located at the third layers, from front and back surfaces, performed better because they were thicker and had higher areal density when compared to the other. These studies showed the possibility of using natural fibers in combination with synthetic fibers in armor systems.
Conclusions and future remarks
In this report, natural-fiber-based composites have been reviewed, in particular, in the case of their properties viz. flammability, mechanical, thermomechanical, water absorption and applications. Hybridization received popularity not only because of the improved performance of the resulting products but also the possibility of overcoming the limitations that hurdles the applicability of natural fibers in technical structures. There is a huge possibility that large percentage of natural fibers can be incorporated in conventional synthetic reinforced composites product, which is a big step from ecological and economical viewpoints. However, the quality of the natural fibers, which depend on the growth conditions and maturity still bring inconsistency in the resulting properties of hybrid composite products. Without a doubt, research on the modification and control over the quality of natural fibers can revolutionize their commercialization. On the other hand, the addition of a second filler in either micro or nano-size can overcome some of the natural fiber reinforced composites limitations. The addition of flame-retardants improves their thermal stability and flammability, which can open doors for engineering polymers for highend applications. It is worth mentioning that natural fiber-based hybrid composites bring a competitive market for various industrial applications. Moreover, the models play significant role in predicting the properties of the hybrid products in which the designers can save time and money by using these models to predict the resulting properties. In future, the modifications of models in order to include all aspects, such the interaction between the components will perfect the predicted results.
